The exotic vines Vincetoxicum rossicum (Kleopow) Barbar. and Vincetoxicum nigrum (L.) Moench have become increasingly invasive in low-and high-light habitats in North America, and a biological control program is being developed. These plants experience little damage in North America, so it is unclear how they might respond to introduced herbivores. I conducted an artificial defoliation study on seedlings and mature plants of V. rossicum and V. nigrum grown under different light environments. Under high light, V. nigrum produced more seed and allocated more resources to aboveground tissue (root:shoot ratios < 1), whereas V. rossicum allocated more resources to roots with root:shoot ratios of 1.9 for mature plants and > 3 for seedlings. These differences disappeared with shading. Increasing frequencies of 100% defoliation caused greater reductions in biomass and seed production for both species and plant stages. Shading further reduced biomass and no seed was produced. Defoliation of shaded, but not unshaded, plants caused high mortality. Additional cutting of stem tips increased branching only. Defoliation may be effective against Vincetoxicum plants growing in low-light environments such as forest understories, but appears to be of more limited value in high-light environments unless repeated defoliation occurs.
Introduction
The intentional and accidental introduction of exotic plants into North America has resulted in the establishment of an increasing number of invasive species, with subsequent losses in native biodiversity and increases in control costs (D'Antonio and Vitousek 1992; Mack et al. 2000; Pimentel et al. 2000; Wilcove et al. 2000) . Two such invasive weeds are Vincetoxicum rossicum (Kleopow) Barbar. (=Cynanchum rossicum (Kleopow) Borhidi, pale swallow-wort) and Vincetoxicum nigrum (L.) Moench (=Cynanchum louiseae Kartesz & Gandhi, Cynanchum nigrum (L.) Pers., non Cav.; black swallow-wort) (Apocynaceae, subfamily Asclepiadoideae). These herbaceous, perennial vines are increasing in abundance in natural and managed habitats in the northeastern United States and southeastern Canada (Tewksbury et al. 2002; DiTommaso et al. 2005) . Also known as the dog-strangling vines, both species were introduced into North America from Europe in the mid-to late-1800s, perhaps as ornamentals, and only later were concerns raised about the invasive potential of these plants (Monachino 1957; Moore 1959; Pringle 1973; Sheeley 1992; Lawlor 2000) . Dense stands of these twining vines reportedly exclude most other vegetation, and they are encroaching on threatened and endangered species in New York and New England, as well as the globally rare alvar communities in Ontario and New York (Pringle 1973; Kirk 1985; Lawlor 2000; Tewksbury et al. 2002; DiTommaso et al. 2005 ). In addition, V. rossicum has a negative effect on the abundance and diversity of arthropods and grassland birds (DiTommaso et al. 2005; Ernst and Cappuccino 2005) , and both species of Vincetoxicum pose a risk to monarch butterflies, which lay eggs on the plants but whose larvae cannot survive on these novel hosts (DiTommaso and Losey 2003; Mattila and Otis 2003; Casagrande and Dacey 2007) .
Phenotypic plasticity, such as in the ability to establish and grow under a broad range of light environments, is one trait that is believed to contribute to invasiveness in plants (Baker 1965; Richards et al. 2006) . Vincetoxicum infestations occur in open field (high light), forest edge, and forest understory (low light) habitats (DiTommaso et al. 2005) . Vincetoxicum rossicum is especially tolerant of shade, whereas V. nigrum is usually not observed in understory habitats (personal observation), although shade still has a negative effect on V. rossicum relative to high-light environments (Sheeley 1992; Smith et al. 2006; Hotchkiss et al. 2008) . No comparative biological studies of the two species have been published to date (DiTommaso et al. 2005) , and relatively little has been published on the biology of V. nigrum compared with V. rossicum (e.g., Lumer and Yost 1995) . Hence, additional species-specific differences may exist that could influence the invasive potential and control of these two species.
The U.S. Department of Agriculture, Agricultural Research Service, initiated a biological control program for Vincetoxicum spp. in 2004, in part due to the ineffectiveness, expense, and (or) concerns about nontarget damage in natural areas from mechanical and chemical control methods currently used (Christensen 1998; Lawlor and Raynal 2002; DiTommaso et al. 2005; McKague and Cappuccino 2005; Averill et al. 2008) . Specialized natural enemies are known to attack Vincetoxicum spp. in their native ranges, so identifying host-specific biological control agents appears promising (Tewksbury et al. 2002) . However, in North America, little to no damage occurs to V. rossicum or V. nigrum by arthropods (insects and mites), diseases, or vertebrates such as deer (Sheeley 1992; Ernst and Cappuccino 2005; Carpenter and Cappuccino 2005; L. Milbrath, unpublished data) . It is therefore unknown how tolerant each of the two species might be to damage by introduced natural enemies such as defoliating insects, which are often used in biological control programs owing to their ease of discovery, rearing, and testing, some with very good success (Julien and Griffiths 1998) . Plants can minimize the negative effects of herbivore damage through changes in growth form, phenology, or reallocation of resources (Strauss and Agrawal 1999; Stowe et al. 2000) , although this can vary by plant stage. Immature plants are often less tolerant of herbivory when they are establishing (Strauss and Agrawal 1999) . Furthermore, plants that have been growing in different light environments may respond differently to defoliation damage. In particular, the effect of defoliation may be more severe in chronically shaded plants (Lentz and Cipollini 1998; Blundell and Peart 2001; Rogers and Siemann 2003; Baraza et al. 2004; Norghauer et al. 2008) Raghu et al. 2006 ). In the early stages of a biological control program, when no candidate agents are yet available for direct testing of efficacy, indirect methods such as simulated or artificial herbivory may be useful (Raghu and Dhileepan 2005) . Although caution is warranted in the use of artificial herbivory to assess plant responses (Hjältén 2004; Lehtilä and Boalt 2004) , the effects of artificial defoliation on various plant growth and reproductive parameters can be similar to actual defoliation by insects (Raghu and Dhileepan 2005; Schooler et al. 2006; Wirf 2006) . Results of such studies can therefore provide insights into basic aspects of plant-herbivore interactions, as well as the potential for control of invasive plants.
In this study, I evaluated the effect that different types and frequencies of artificial defoliation had on the survival, growth, and reproduction of mature plants and seedlings of V. rossicum and V. nigrum grown under different light environments in a greenhouse setting. I hypothesized that seedlings will not perform well compared with mature plants when defoliated, and that shade will negatively affect the performance of plants compared with those grown in a high-light environment, especially in combination with defoliation. However, I expected V. rossicum performance to be greater than that of V. nigrum under shaded conditions.
Materials and methods

Mature plants
Rootstocks of V. nigrum and V. rossicum were collected from the field in early-to mid-November 2005. Vincetoxicum nigrum was collected from Bear Mountain State Park, Rockland County, New York, (41818'N, 73858'W) , and V. rossicum was collected from a private property near Elbridge, Onondaga County, New York, (4380'N, 76824'W) . At each site, rootstocks were obtained from both an old field (high light) and forest understory (low light) habitat. The rootstocks were washed of soil, and stored in moist vermiculite at 4 8C for at least 75 d before the start of the experiment. Following cold storage, the initial number of crown buds was counted on each rootstock. Individual rootstocks were weighed to the nearest 0.1 g to determine initial fresh biomass (as a covariate) and planted into individual 7.6 L pots containing soil mix (Metro-Mix 360, Sun Gro Horticulture Distribution Inc., Bellevue, Wash.) and 26 g of 15-9-12 N-P-K slow-release fertilizer (Osmocote Plus, Scotts-Sierra Horticultural Products Co., Marysville, Ohio). Plants were staked and grown in a greenhouse at 25 8C (light) -20 8C (dark) and a photoperiod of 14 h (light) -10 h (dark). A greenhouse study was chosen to make direct comparisons between the two species because at present they do not cooccur in the field except at a few locations (L. Milbrath, un-published data), and I did not want to transplant mature, seed-producing plants of either species into a field location where one or the other species was not currently present.
The experimental design was a three-way factorial treatment structure in a split plot design. Light environment (high light or low light) served as the whole plot treatment and was arranged as 10 pairs (blocks) of the two light environments in a randomized complete block design. Blocks were used to account for potential temperature gradients in the greenhouse. The subplot treatment consisted of a 2 Â 5 factorial treatment structure in a randomized complete block design, with two levels of plant species (V. nigrum or V. rossicum) and five levels of artificial defoliation (nondefoliated control, 100% defoliation once or twice, and 100% defoliation plus removal of apical meristems once or twice). All subplot treatment combinations were represented by one potted plant in each of 20 blocks except the control treatment in which there were two plants per block, resulting in a total of 240 experimental units.
Plants receiving the low-light treatment were originally collected from a forest understory habitat. Following transplant, groups of potted plants (blocks) were placed inside 102 cm Â 83 cm Â 127 cm shade cages constructed of PVC pipe and surrounded by shade cloth (K PRO Supply Co., Inc., Sarasota, Fla.). Light levels inside the shade cages varied from 12.2 ± 3.7 to 25.1 ± 7.3 mmolÁs -1 Ám -2 (mean ± SD, n = 10) depending on cloud cover and the date on which measurements were taken. This was comparable to measurements taken at the V. rossicum forest site of 17.8 ± 10.2 mmolÁs -1 Ám -2 (n = 5, at 1210 hours, 17 August 2006, sunny conditions), but lower than the 288.9 ± 155.5 mmolÁs -1 Ám -2 recorded at the V. nigrum forest site (n = 5, at 1330 hours, 21 August 2006, sunny conditions). Plants receiving the high-light treatment had been collected from an old field habitat and were placed directly on the bench top. They experienced light levels ranging from 487.6 ± 58.1 to 916.2 ± 285.0 mmolÁs -1 Ám -2 (n = 10). Light levels in the field on a sunny day were 1737.6 ± 11.1 mmolÁs -1 Ám -2 (V. rossicum, n = 5, at 1225 hours, 17 August 2006) and 1565.6 ± 11.7 mmolÁs -1 Ám -2 (V. nigrum, n = 5, at 1350 hours, 21 August 2006). Greenhouse temperature records indicated that the plants in the low-and high-light environments experienced similar temperatures during the course of the experiment.
Prior to the first round of defoliation, the number of stems was counted, including immature stems that were only 1 cm or less in length and had ceased additional growth. Plants were defoliated approximately 3 weeks (all defoliation treatments) and 7 weeks (only twice-defoliated plants) after transplanting. At these two times of defoliation, plants had an average of 7.5 and 12.4 nodes, respectively. This simulated a June and July defoliation based on comparable phenological stages of the plants in the field. Plants were defoliated by removing all their leaves with a clean razor blade. For plants that also had their apical meristems removed, all stem and branch tips were cut back by 5 mm with a razor blade. I used 100% defoliation because previous studies involving mowing indicated that V. rossicum is capable of substantial recovery even with the removal of all aboveground biomass (Christensen 1998; McKague and Cappuccino 2005) . Also, Leimu and Lehtilä (2006) have noted that defoliation of the related species Vincetoxicum hirundinaria Medik. by larvae of the moth Abrostola asclepiadis Schiff. (Lepidoptera: Noctuidae) can approach 100% for Finnish populations. I included damage to the apical meristems because removing only leaves may not fully replicate the effect of defoliating insects, which often directly damage apical meristems (Schat and Blossey 2005; Schooler et al. 2006) . Plant mortality was noted. The maximum stem length was measured, either of the primary stem alone or including an axillary branch in the case of plants that had their stem tips cut, and the number of stems, axillary branches, and follicles (mature and immature) were counted for each plant approximately 8 weeks following the second round of defoliation, or 15-16 weeks after transplanting. Plants were harvested, and follicle, all other aboveground tissue (stems and leaves), and root fractions were placed in separate bags. The root system was separated from the soil by washing and the crown buds were counted. The change in the number of crown buds was calculated by subtracting initial bud number from the final bud number. Ten mature follicles were randomly sampled from each follicle biomass bag (representing a single plant) and all the seed was counted. If a plant produced fewer than 10 follicles, all the follicles were sampled. In several cases, more than 10 follicles ripened and shed their seed in the biomass bag, in which case seed was counted from all opened follicles. The average number of seeds per follicle was calculated and used to estimate total seed production per plant. I did not assess seed viability or polyembryony, i.e., the production of multiple embryos within a single seed (DiTommaso et al. 2005) . The follicle, stem-leaf, and root fractions were dried at 65 8C for at least 7 d and weighed to determine dry mass. Root:shoot ratios (including follicle biomass) were calculated for each plant.
Seedlings
Seed of V. nigrum and V. rossicum was collected from the field in late August 2006. Collections were made at the same locations and habitats as for rootstocks, except that V. rossicum seed for the low-light treatment was collected from plants growing along the forest edge because the understory plants had produced no follicles. Mature follicles were collected from at least 50 plants per species and habitat. Seed was cleaned and stored dry in sealed jars at 4 8C for 2 months followed by moist stratification at 4 8C for an additional 3 months. Stratified seed was germinated in an incubator at 25 8C (light) -20 8C (dark) and a photoperiod of 14 h (light) -10 h (dark). Upon emergence of the radicle, three germinated seeds were transplanted into individual 0.9 L pots. Pots contained a 2:1 ratio of potting soil mix to native field soil. The field soil was collected at the same location as the seed for each species of Vincetoxicum and sieved to remove large debris. The native soil was used to allow for inoculation of the roots by arbuscular mycorrhizal fungi, which has been shown to be important for the survival and growth of V. rossicum seedlings (Smith et al. 2008) . The pots also contained 2.9 g of slow-release fertilizer and received 100 ppm N twice per week (Peters Professional 20-20-20, Scotts-Sierra Horticultural Products Co., Marysville, Ohio). Seedlings were allowed to grow for 17 d to ensure establishment. Pots were then thinned to a single plant, which included culling extra seedlings from polyembryonic seeds, and the experimental treatment of shading was begun. The polyembryonic history of each selected seedling was noted; preliminary statistical analyses indicated that this had no effect on plant responses (P > 0.05). Three weeks following shading, the first round of artificial defoliation was imposed. The experimental design and subsequent methods used were similar to the previous experiment involving mature plants. Seedlings possessed an average of 5.0 and 7.1 nodes at the first and second rounds of defoliation, respectively.
Statistical analyses
Plants were omitted from analysis if they had died prematurely from unknown causes (some seedlings) or the stem tip was accidentally broken (nonexperimental damage). Root biomass or crown bud number could not be obtained for mature plants that had died prior to the end of the experiment, nor could shoot or root biomass or crown bud number be collected from seedlings that had died following the first or second rounds of defoliation.
Data that violated the assumption of normal distribution of residuals were transformed using either the logarithmic or square-root transformation, as appropriate. For the experiment involving mature plants, an analysis of covariance (PROC MIXED, SAS Institute Inc. 2004) was performed on the number of stems and axillary branches produced, stem length, changes in the number of crown buds, aboveground and root dry mass, and root:shoot ratio, with light environment, Vincetoxicum species, and defoliation type as the independent variables and initial fresh root mass serving as the covariate. Because no seed production occurred in the low-light environment, only reproductive data from plants grown under high light were analyzed using analysis of covariance, with Vincetoxicum species and defoliation type as the independent variables. These data included the number of follicles and seeds per plant, dry mass of follicles, and the number of seeds per follicle. Means were separated using Fisher's protected least significant difference test (SAS Institute Inc. 2004) . The data from the experiment with seedlings were similarly analyzed except that no covariate was used. Also, due to high mortality of defoliated seedlings in the low-light environment, data involving the number of crown buds, aboveground dry mass, root dry mass, and root:shoot ratio could only be analyzed for the effect of Vincetoxicum species, defoliation type and their interaction within the high-light environment. Nondefoliated (control) seedlings were compared for these same four variables within and between light environments by fitting the full three-factor model and using Fisher's protected least significant difference test (SAS Institute Inc. 2004 ).
Results
Artificial defoliation
The effect of complete, artificial defoliation on Vincetoxicum plants was primarily negative, and in most cases this experimental factor interacted strongly with the light environment and to a lesser extent with species of Vincetoxicum. Under low-light conditions, defoliation resulted in the death of 64% of the mature plants and 95% of the seedlings, whereas only a few of the nondefoliated (control) plants had died (six mature plants and one seedling). In contrast, none of the mature plants and only two seedlings died in the high-light environment whether they were defoliated or not. The removal of apical meristems tended to decrease stem lengths while increasing the number of branches, whereas the removal of leaves alone had few effects on stem length and branching (Figs. 1, 2, and 3) . Reductions in stem lengths in mature plants were observed with only one round of defoliation plus stem tip cutting under low-light conditions, whereas two rounds were necessary under highlight conditions (Light Â Defoliation interaction, P = 0.017; Fig. 1A ). Stem lengths of seedlings were only substantially reduced by tip cutting for V. nigrum grown under high light; the effect of defoliation under low-light conditions and on V. rossicum seedlings was much less pronounced or nonexistent (Light Â Species Â Defoliation interaction, P = 0.004; Fig. 2 ). Axillary branches were commonly observed. Nondefoliated plants often possessed primary and some secondary branches; tip cutting resulted in tertiary and quaternary branches. Although mature plants generally produced more axillary branches when the stem tips were cut than when they were not cut, under low-light conditions the removal of leaves also contributed to increased branching (Light Â Defoliation interaction, P < 0.001; Fig. 1B ). The response of seedlings was similar to that of mature plants under high-light conditions, but the premature death of defoliated seedlings under low-light conditions limited the amount of branching that occurred (Light Â Defoliation interaction, P < 0.001; Fig. 3A ). The effect of defoliation on the production of axillary branches for seedlings of V. nigrum compared with V. rossicum, although significant, was somewhat ambiguous (Species Â Defoliation interaction, P = 0.006; Fig. 3B ).
Defoliation, regardless of whether the stem tips were cut or not, tended to decrease measures of dry mass (aboveground, follicle, and root) and reproduction. Furthermore, an increasing frequency of defoliation successively reduced dry mass, follicle number, and total seed for mature plants and seedlings in most cases (Tables 1 and 2 ; Figs. 4, 5, and 6 ). This effect was generally similar for the two species in the two light environments with some notable exceptions. Mature plants receiving defoliation plus tip cutting once did not differ from nondefoliated plants in aboveground biomass under high-light conditions (Light Â Defoliation interaction, P = 0.002; Fig. 4) , and seedlings of V. rossicum showed no changes in aboveground dry mass with any defoliation treatment (Species Â Defoliation interaction, P < 0.001; Fig. 5 ). Root dry mass for mature plants was reduced only when they were grown under high-light conditions and received two rounds of defoliation, especially for V. rossicum (Light Â Species Â Defoliation interaction, P = 0.013, Fig. 6 ). In addition, V. nigrum seedlings that had been defoliated once or not defoliated produced a greater biomass of follicles, more follicles and more seed than the other V. nigrum plants ( Fig. 5 ; Species Â Defoliation interactions, P < 0.001 for Table 2) .
A change in the number of crown buds over the course of the experiment, a measure of vegetative reproduction, was not influenced by defoliation in mature plants (P > 0.777). However, seedling plants that were defoliated twice (with or without tip cutting) generally had the fewest number of crown buds compared with other defoliation treatments ( Table 2) .
The root:shoot ratio of mature plants varied by species according to the defoliation treatment received (Species Â Defoliation interaction, P = 0.018), but for both species the root:shoot ratio for nondefoliated plants, averaged over the two light environments, was lower than for defoliated plants in only a few cases (Fig. 7A ). The root:shoot ratio of V. rossicum seedlings, under high-light conditions, tended to decrease with two rounds of defoliation, with or without tip cutting, whereas it generally remained unchanged for V. nigrum (Species Â Defoliation interaction, P < 0.001; Fig. 7B ).
Vincetoxicum species
Vincetoxicum nigrum was usually larger and often reproduced to a greater extent than V. rossicum for both mature plants and seedlings. Mature plants of V. nigrum had longer stems than V. rossicum (mean ± SE, 144.9 ± 4.5 cm and 127.2 ± 6.5 cm, respectively; n = 116, Species effect, P < 0.001), and they produced more aboveground dry mass than V. rossicum (3.039 ± 0.256 g and 2.574 ± 0.305 g, respectively; n = 111-112, Species effect, P < 0.001). Seedlings of V. nigrum also had longer stems than V. rossicum within each light Â defoliation treatment combination, especially under high-light conditions (Fig. 2) , and they had greater aboveground dry mass than V. rossicum under high-light, but not low-light conditions, owing both to the seedlings being larger and because V. nigrum produced follicles, whereas V. rossicum did not (Fig. 5, Table 3 ). The root dry mass of V. nigrum seedlings was greater than V. rossicum, whether averaged over defoliation treatments in high light (1.351 ± 0.101 g and 0.864 ± 0.068 g, respectively; n = 51-59, Species effect, P <0.001) or comparing nondefoliated seedlings in either light environment (Table 3) .
Vincetoxicum nigrum seedlings produced 15.4 ± 1.2 crown buds in the high-light environment, more than the 8.2 ± 0.9 buds of V. rossicum (n = 50-58, Species effect, P < 0.001). This was also true when considering nondefoliated seedlings alone; however, both species produced equally few buds under low-light conditions (Table 3) . Follicle production was similar between mature plants of the two species with one exception (Species Â Defoliation interaction, P = 0.028; Table 1 ). Nevertheless, V. nigrum consistently had a greater follicle dry mass than V. rossicum within defoliation treatment (Table 1) , produced more seeds per plant (283.3 ± 67.6 and 172.2 ± 51.6, respectively; n = 56-58, Species effect, P < 0.001) and more seeds per follicle than V. rossicum (11.3 ± 0.6 vs. 6.5 ± 0.7, respectively; n = 49-56, Species effect, P < 0.001). No V. rossicum seedlings flowered, whereas several V. nigrum seedlings did flower and produce seed (Table 2) , with an average 5.4 ± 0.5 seeds per follicle (n = 39).
Mature plants of V. rossicum had a greater root mass than V. nigrum under high-light conditions except when plants received two rounds of defoliation (with or without tip cutting), but not under shade (Fig. 6) . Furthermore, V. rossicum had a higher root:shoot ratio than V. nigrum, with one exception, when compared within defoliation treatments for mature plants or across all defoliation treatments under high light for seedlings (Fig. 7, Table 3 ). However, the root:shoot ratio for mature plants did vary according to the light environment (Light Â Species interaction, P < 0.001). Vincetoxicum rossicum under high light had the highest root:shoot ratio (1.9 ± 0.2; P < 0.04), followed by plants from the shaded environment which did not differ from each other (V. nigrum, 1.3 ± 0.2; V. rossicum, 1.1 ± 0.2; P = 0.233). Vincetoxicum nigrum grown under highlight conditions had the smallest root:shoot ratio (0.4 ± 0.1; P < 0.001). This pattern was the same for nondefoliated seedlings (Table 3) . Crown bud production for mature plants also varied with the light environment (Light Â Species interaction, P = 0.026). Under high-light conditions, V. rossicum plants produced 7.4 ± 0.8 more crown buds over the course of the experiment, which was greater than the increase of 3.8 ± 0.7 buds for V. nigrum (P < 0.001). In both cases, this was more than the net decrease in crown buds experienced by V. nigrum under low light (-3.3 ± 1.0; P <0.001). Owing to missing treatment data as a result of plant deaths, a change of -0.7 ± 2.6 crown buds for V. rossicum under low-light conditions was estimated, but could not be included in the analysis.
Light environment
The light environment directly affected plant growth and Note: Values are the mean ± SE, n = 7-38. For each variable, individual means followed by the same letter within and between the V. nigrum and V. rossicum columns, or within the column only for total seed, are not significantly different (Fisher's protected least significant difference test, P > 0.05).
a For all treatments except the control, plants received 100% defoliation. Note: Values are the mean ± SE, n = 7-37. For each variable, individual means followed by the same letter within a column, or within and between the V. nigrum and V. rossicum columns for follicle and seed data, are not significantly different (Fisher's protected least significant difference test, P > 0.05). reproduction beyond the interactions with defoliation and species noted above. Mature plants and nondefoliated seedlings of V. nigrum and V. rossicum generally produced less aboveground and root dry mass in low-light than high-light conditions (Table 3; Figs. 4 and 6). Seedling stems were shorter in the low-light environment than in the high-light environment (Fig. 2) . No seedlings produced flowers under low-light conditions, but mature plants did flower in both light environments. However, no follicles or seed were produced by mature plants of either species under shade (Fig. 4) .
The number of mature stems was constant for the major- ity of mature plants (n = 199 or 86%) for the duration of the experiment, with no effect of light, species, or defoliation treatment (P > 0.09). For the remaining plants, an additional one or two stems grew or more rarely died, with a grand mean of 1.4 ± 0.6 stems or shoots per plant (n = 232). Additional immature stems (1-9 per plant) that were initially present had disappeared by the end of the experiment with the exception of stems that developed more fully as noted above. Most seedlings possessed one (n = 185 or 81%) or two stems (n = 38 or 17%) at harvest or death, with one plant each possessing three or four stems. Examination of the seedlings at harvest indicated that additional stems arose from the root crown and not from separate seedlings that might have germinated later from polyembryonic seeds. Minor differences in the average number of stems per seedling occurred among the various treatment combinations (Light Â Species Â Defoliation interaction, P = 0.002; data not shown).
Discussion
Artificial defoliation and light environment
A number of factors influence a plant's performance in response to defoliation, such as the degree and frequency of defoliation inflicted on the plant, the ability of the plant to compensate for such damage, and the interaction of defoliation with other sources of stress to the plant (Harris 1981; Trumble et al. 1993; Strauss and Agrawal 1999) . The effect of 100% artificial defoliation on V. rossicum and V. nigrum was generally similar for the two species for the majority of growth and reproductive parameters measured, which suggests that individual plants of the two species may respond similarly to a defoliating insect. The primary exception involved biomass compensation by the seedlings under highlight conditions. The decrease in root:shoot ratios of some of the defoliated V. rossicum seedlings, by comparison with nondefoliated seedlings, indicates that they reallocated biomass to shoot growth following defoliation (Lentz and Cipollini 1998) . As a consequence, they fully compensated for the loss in aboveground dry mass. In contrast, defoliated seedlings of V. nigrum lost a similar proportion of dry mass to above-and below-ground tissues, i.e., no change in root:shoot ratios, indicating that no reallocation occurred. However, both species showed a remarkable ability to survive severe and repeated defoliation, at least in the short-term and under high-light conditions. This was not unexpected for mature plants. Vincetoxicum rossicum growing in old fields and other high-light environments can tolerate single and repeated mowing or clipping events over 1-2 years with no decrease in survival or densities of plants, although reductions in stem length and biomass occur as in my study (Christensen 1998; McKague and Cappuccino 2005; Averill et al. 2008) . However, the seedlings were more resilient to repeated defoliation in a high-light environment than I expected. Nevertheless, seed production was reduced in mature Vincetoxicum plants by 36% or 83% with one or two rounds of defoliation, respectively, and by 80% with most types of defoliation for V. nigrum seedlings. Therefore, undercompensation to severe defoliation occurred because overall plant fitness was reduced, even though in a few cases the plants did fully compensate for biomass loss (Maschinski and Whitham 1989; Strauss and Agrawal 1999) . It is currently unknown at what level of defoliation these plants can compensate or if they can overcompensate.
In general, clipping the stem tips of Vincetoxicum plants only modified plant architecture through the production of somewhat shorter and more branched plants. Damaging the apical meristems may be more comparable to actual insect damage in altering growth forms (Schat and Blossey 2005, Schooler et al. 2006) , but the effect of increased branching on plant performance, a potential mechanism of compensation (Trumble et al. 1993; Strauss and Agrawal 1999) , may only be apparent with lower levels of leaf removal (e.g., Blundell and Peart 2001) . Defoliation had no effect on the number of stems produced by seedlings and mature plants, which was essentially constant for the duration of the experiment. In contrast, plants damaged by a late frost, stem pulling, and mowing or clipping typically respond by producing new stems from crown buds although axillary branching can also occur if the entire stem is not destroyed (McKague and Cappuccino 2005; personal observation) .
Heavy shading alone had a significant negative effect on the growth and reproduction of V. nigrum and V. rossicum. Several authors have reported a similar effect on V. rossicum in the field (Sheeley 1992; Christensen 1998; Smith et al. 2006; Hotchkiss et al. 2008) , but no such data exist for V. nigrum. For example, Hotchkiss et al. (2008) reported reduced biomass and stem length for seedling or juvenile V. rossicum growing in forest understories compared with light gaps. Also, the lack of seed production by mature plants despite flowering has been previously observed for V. rossicum in forest understories by me and others (Sheeley 1992; Christensen 1998) , although understory populations of V. rossicum are quite capable of producing seed if the shading is not severe (Sheeley 1992; Smith et al. 2006) . Shading also moderated the root:shoot ratios for both species to around 1.0, i.e., a decrease for V. rossicum but an increase for V. nigrum compared with high-light plants. Other shadetolerant plant species have been shown to allocate more resources to stems than roots under shade as part of the shade avoidance syndrome (Lentz and Cipollini 1998; Rogers and Siemann 2003; Baraza et al. 2004; Norghauer et al. 2008) , resulting in decreased root:shoot ratios as for V. rossicum. However, V. nigrum allocated proportionally less biomass to shoots relative to roots under shade. This suggests that it is not as tolerant to shade as V. rossicum and may not persist over many years in very low-light conditions, especially as V. nigrum is generally not seen in heavily shaded understories (personal observation). In contrast, V. rossicum appears to have a ''sit-and-wait'' strategy allowing it to persist until a gap forms in the forest canopy (Hotchkiss et al. 2008) .
Changes in biomass production with the addition of defoliation were not nearly as large under low-light conditions compared with high-light conditions, because the plants were already experiencing greatly reduced growth (e.g., Lentz and Cipollini 1998; Blundell and Peart 2001; Baraza et al. 2004; Norghauer et al. 2008) . However, severe defoliation did result in fairly high mortality of shaded plants, especially seedlings, and therefore appeared to exacerbate the effects of a major resource limitation in the form of low light. In the case of mature plants, these had been collected from forest understories and so presumably had spent their entire development under chronically low-light conditions. Hence, the light environment treatment in my experiment combined both an immediate effect of differential light levels, as well as the historical effect it had on the individual mature plants used in this study. This may have left the mature plants from the forest with fewer reserves than old-field plants to regrow following defoliation under continuous shade. The seedlings, on the other hand, had limited root reserves from which to draw and therefore displayed little regrowth before dying from defoliation. Increased mortality of defoliated plants growing under shade compared with higher-light habitats has been reported for woody perennials (e.g., Blundell and Peart 2001; Norghauer et al. 2008) . If the degree of shading and (or) herbivory is not severe, then such an interactive effect commonly decreases or is not seen in perennial species (e.g., Lentz and Cipollini 1998; Mikola et al. 2000; Blundell and Peart 2001; Rogers and Siemann 2003; Baraza et al. 2004; González-Teuber and Gianoli 2007) . The low-light levels I imposed, while realistic, are somewhat severe in their duration compared with a field setting. The tree canopy gradually closes at the beginning of the season (May) when seedlings emerge and new stems are produced by mature plants. At higher light levels, owing to a less-dense canopy initially in the spring or throughout the growing season, the effect of 100% defoliation on V. rossicum and V. nigrum growing in forest understories may not be as dramatic. Also, four seedlings of V. nigrum did survive one round of defoliation under shade, suggesting that these plants may survive more moderate levels of defoliation under low-light conditions and in the absence of inter-and intra-specific plant competition.
Because defoliation is not often as destructive to a plant as mowing, which is itself considered an ineffective control tactic for Vincetoxicum spp. (DiTommaso et al. 2005 ), a question arises as to whether a defoliating insect would be of limited effectiveness in reducing densities and growth rates of Vincetoxicum populations (McKague and Cappuccino 2005) . Results from artificial herbivory studies, or even those utilizing actual herbivores, cannot be used to predict effects on plant populations because individual plant responses, such as reduced seed set, do not necessarily translate into changes in population growth rates (Hjältén 2004; Lehtilä and Boalt 2004) . Population-based models are needed to answer such questions (e.g., Shea and Kelly 2004; Davis et al. 2006; Leimu and Lehtilä 2006) . Nevertheless, artificial herbivory studies can still be valuable as preliminary assessments on whether a particular type of damage (and hence type of herbivore) reduces plant performance (Raghu and Dhileepan 2005; Rebek and O'Neil 2005; Raghu et al. 2006) . Specifically, the lack of a significant effect on individual plants, either because the damage is limited in its duration over the season or the plant has a robust capacity to compensate, may indicate that a particular type of natural enemy has little likelihood of producing a population level effect and should be given a low priority. Based on my results, it appears that a single defoliation event, no matter how severe, has a more limited effect than two rounds of defoliation on Vincetoxicum spp., especially in the absence of other potential stresses such as low light or inter-and intra-specific plant competition (Harris 1981 (Harris , 1991 Wise and Abrahamson 2007) . Therefore, a defoliating insect species that produces only one generation per year should be given a lower priority than a species that produces more than one generation per year. Defoliation of V. nigrum and V. rossicum growing in a forest understory should have a greater impact on the plants, as heavy shading serves as an additional source of environmental stress for these invasive species. However, this assumes a candidate biological control agent will occupy both high-and low-light habitats, which may not be the case (e.g., Coombs et al. 2004; . Control measures, such as with biological control, are of particular interest in high-light environments because the densities and reproductive output of Vincetoxicum species are the highest in these types of habitats, often serving as a source of seed for infesting other habitats (Sheeley 1992; Lawlor 2000; Smith et al. 2006) . If biological control is not a viable option for forest understory populations of Vincetoxicum, my results suggest that mechanical control of Vincetoxicum may be more effective in a forest understory than in old fields. Thus, an integrated weed management program may need to be developed for Vincetoxicum spp. infesting more than one habitat, involving a more focused biological control effort in high-light environments such as in old fields and pastures.
Vincetoxicum species
No comparative studies of the biology of V. nigrum and V. rossicum have been published to date. In this study I found several species-specific differences in reproduction, size, and resource allocation between V. nigrum and V. rossicum which were evident early in development. Vincetoxicum nigrum appears to reproduce earlier than V. rossicum as it was the only species to flower as a seedling (65% of individuals across defoliation treatments). This greater likelihood to flower also has been observed for potted seedlings growing outdoors (L. Magidow, personal communication, 2007) . In contrast, McKague and Cappuccino (2005) noted that 4-year-old plants of V. rossicum growing in an old field were not yet flowering, and Leimu and Lehtilä (2006) reported that it may take 3-5 years for the closely-related V. hirundinaria to begin flowering. Within the growing season, V. nigrum also flowers earlier and for a longer duration in the field compared with V. rossicum (personal observation). Although I did not assess seed viability, the percentage of nonviable seeds for the two species is probably similar because Smith et al. (2006) reported that 29%-44% of V. rossicum seed may be nonviable, depending on light availability, whereas 32% of V. nigrum seed may be nonviable (L. Milbrath, unpublished data). It also should be noted that both species were fully capable of substantial seed production through self-pollination in the greenhouse (480 seeds on average for nondefoliated mature plants), which has been previously reported by Lumer and Yost (1995) and St. Denis and Cappuccino (2004) .
Size differences between the two species, although evident for both life stages studied, were especially large in the seedling stage, e.g., stems and aboveground dry mass were up to 7.5 times longer or greater, respectively, for V. nigrum than V. rossicum. The seeds of V. nigrum are approximately three times greater in mass than V. rossicum (20.3 and 7.2 mg, respectively; n = 20), with the result that seedlings of V. nigrum also are initially larger (L. Milbrath, unpublished data). Large seed size may increase the rate of establishment of V. nigrum relative to that of V. rossicum (Moles and Westoby 2004) . Size differences between the two species may be due in part to polyploidy, as it is suspected that North American populations of V. nigrum are tetraploid, whereas V. rossicum populations are diploid (DiTommaso et al. 2005) . Nevertheless, V. nigrum allocates proportionally more resources than V. rossicum to aboveground tissues, including reproductive structures, as indicated by its consistently low root:shoot ratio (<1) under high-light conditions. In contrast, V. rossicum allocates more resources to the root system with root:shoot ratios at least three times greater than V. nigrum under favorable growing conditions. The root:shoot ratio of 1.9 reported here for mature V. rossicum plants grown under high light is higher than that previously reported by McKague and Cappuccino (2005) , and may be due to the different conditions of the two experiments or because they dug plants from the field and may not have collected all the roots. Our two studies do agree, however, on the very high root:shoot ratio exhibited by V. rossicum seedlings (>3). Therefore, under high-light conditions such as in old fields, V. rossicum appears to invest in an extensive root-storage system throughout its entire life cycle, which may allow it to grow and survive under increasing competition for light or other stresses as succession proceeds. Vincetoxicum nigrum appears to invest more in shoot growth and subsequent production of seeds early in its development, which may promote dispersal to new areas. Whether these differences in reproduction and resource allocation influence the overall invasiveness of the two species or the outcome of multiple years of defoliation is unclear and requires additional study.
